Abstract: OBJECTIVE: Antiepileptic drugs (AEDs) are important for the treatment of epilepsy, psychiatric diseases, and pain syndromes. Small studies have suggested that AED treatment reduces serum levels of folate and vitamin B12. METHODS: This prospective monocenter study aimed at testing the hypothesis that AED treatment is associated with folate and vitamin B12 serum levels in a large population. A total of 2730 AED-treated and 170 untreated patients with epilepsy and 200 healthy individuals were enrolled. RESULTS: Treatment with carbamazepine, gabapentin, oxcarbazepine, phenytoin, primidone, or valproate was associated with lower mean serum folate levels or with a higher frequency of folate levels below the reference range in comparison with the entire group of patients, untreated patients, or controls. Treatment with phenobarbital, pregabalin, primidone, or topiramate was associated with lower vitamin B12 levels compared with the entire group of patients. Vitamin B12 serum levels were higher in patients treated with valproate compared with the entire group of patients, untreated patients, and healthy controls. Folate or vitamin B12 levels below the reference range were associated with higher mean corpuscular volume (MCV) and higher homocysteine plasma levels. Vitamin substitution for 3 months in 141 patients with folate or vitamin B12 levels below the reference range yielded normal vitamin levels in 95% of the supplemented patients and reduced MCV and homocysteine plasma levels. INTERPRE-TATION: Treatment with most of the commonly used AEDs is associated with reduced folate or vitamin B12 serum levels and is a risk factor for hyperhomocysteinemia. Oral substitution is effective to restore vitamin, MCV, and homocysteine levels.
Results
Treatment with carbamazepine, gabapentin, oxcarbazepine, phenytoin, primidone or valproate was associated with lower mean serum folate levels or with a higher frequency of folate levels below the reference range in comparison with all other patients, untreated patients or controls.
Treatment with phenobarbital, pregabalin, primidone or topiramate was associated with lower vitamin B12 levels compared with the entire group of patients. Vitamin B12 serum levels were higher in patients treated with valproate compared with the entire group of patients, untreated patients and healthy controls. Folate or vitamin B12 levels below the reference range were associated with higher mean corpuscular volume (MCV) and higher homocysteine plasma levels. Vitamin substitution for three months in 141 patients with folate or vitamin B12 levels below the reference range yielded normal vitamin levels in 95% of the supplemented patients and reduced MCV and homocysteine plasma levels.
Interpretation 4
Treatment with most of the commonly used AED is associated with reduced folate or vitamin B12 serum levels and is a risk factor for hyperhomocysteinemia. Oral substitution is effective to restore vitamin, MCV and homocysteine levels.
Objective
Antiepileptic drugs (AED) are frequently used in the treatment of epilepsy, psychiatric diseases and pain syndromes. Their side effects include osteoporosis, atherosclerosis, fatigue, peripheral neuropathies cerebellar ataxia, neuropsychological impairment and teratogenesis including reduced cognitive functions in children of mothers treated with valproate. [1] [2] [3] [4] [5] [6] [7] [8] [9] Several studies have suggested that treatment with distinct AED like valproate, carbamazepine or phenytoin is associated with reduced mean serum levels of folate and vitamin B12 and that this may mediate AED side effects. As metabolism of homocysteine depends on folate and vitamin B12, hyperhomocysteinemia also was observed in associated with AED. However, the results of the published studies are conflicting concerning the association of the different AED with folate, vitamin B12 or homocysteine plasma levels. In addition, sample sizes were small, and data are lacking for most of the newer AED. [10] [11] [12] [13] [14] Thus, valid and detailed data on the association of the commonly used AED with folate and vitamin B12 serum levels are missing.
Suffering from epilepsy is unlikely to directly interfere with serum levels of folate or vitamin B12. Thus, patients with epilepsy are a suitable population to investigate the association of AED treatment with folate and vitamin B12 serum levels. This prospective monocenter cohort study tested the hypothesis that AED treatment is associated with folate and vitamin B12 serum levels in a population of 2730 AED-treated and 170 untreated patients with epilepsy.
6
Methods

Patients
This prospective study included serial in-and out-patients of the Department Multiple linear regression analysis with a probability for inclusion of 0.05 and of 0.10 for exclusion was used to analyze factors of influence on folate and vitamin B12 levels.
Results
Study sample
2900 serial patients met the inclusion criteria. In patients who presented more than once to the clinic during the period of recruitment, the first visit was evaluated. 170 patients were not treated with AED, 958 patients were on AED monotherapy, and 1772 patients were treated with two or more AED. Intake of AED and personal data are summarized in Supplementary table 1. In this rather young study population, age did not correlate with serum folate or vitamin B12 levels (not shown). Women had higher serum folate levels (mean ± 1 SD: 6.34 ± 4.0 ng/ml) than men (5.49 ± 3.30; t = 6.4; p<0.001), whereas vitamin B12 serum levels showed no association with gender (not shown).
AED and folate levels
The 2730 patients treated with AED had significantly more often subnormal serum folate levels than the 170 untreated patients and the 200 healthy controls (Table 1 ). Multivariate analysis of AED intake (yes or no, all AED simultaneously, including patients taking more than one AED) together with age, gender and vitamin B12 levels as covariables revealed that intake of carbamazepine, gabapentin, oxcarbazepine, phenytoin or valproate was associated with lower mean folate levels compared with the entire group of patients ( Table 2 ). The association of carbamazepine and valproate with lower folate levels was dose-dependent, whereas the association of gabapentin, oxcarbazepine and phenytoin was not. Although intake of primidone and topiramate was not associated with lower folate levels per se, the daily dose of these AED correlated negatively with folate levels. Table 3 shows that the mean folate level in patients treated with AED monotherapies was 6.0±3.5 ng/ml, which did not differ from the healthy controls, but was lower than in untreated patients (6.6±3.7 ng/ml). The prevalence of subnormal folate levels was 16% and, thus, higher than in controls and untreated patients. Carbamazepine and phenytoin monotherapies were associated with lower mean folate serum levels compared with untreated patients and healthy controls, and patients treated with carbamazepine, gabapentin, phenytoin or primidone monotherapy had serum folate levels below the reference range more often than untreated patients and controls. Correlation analysis of AED dose with folate levels did not reveal significant results for patients with monotherapy.
AED and vitamin B12 levels
The frequency of vitamin B12 levels below the reference range in the entire group of patients treated with AED did not significantly differ from untreated patients or controls (Table 1) .
However, treatment with phenobarbital, pregabalin, primidone or topiramate was associated with lower mean vitamin B12 levels compared with the entire group of patients ( Table 2 ). The association of pregabalin and topiramate with lower mean vitamin B12 levels was dosedependent. Although lamotrigine treatment was not associated with mean vitamin B12 serum levels or with the prevalence of vitamin B12 levels below the reference range, the daily dose of lamotrigine negatively correlated with mean vitamin B12 levels. Surprisingly, valproate treatment was dose-dependently associated with higher mean vitamin B12 levels in comparison to all other patients.
In the group of patients treated with AED monotherapies, mean vitamin B12 serum levels and the frequency of subnormal vitamin B12 serum levels did not differ from untreated patients or controls (Table 3) . Concerning the different AED, only the mean vitamin B12 serum levels of patients treated with valproate monotherapy were higher than those of untreated patients or controls in a dose-dependent manner. Accordingly, the prevalence of subnormal vitamin B12 serum levels was significantly lower in patients treated with valproate monotherapy than in untreated patients and, for trend, in healthy individuals.
Subnormal folate or vitamin B12 levels: associated laboratory changes
We compared routine laboratory parameters of the patients with subnormal folate or vitamin B12 serum levels with those of patients with normal folate and vitamin B12 levels.
Subnormal folate levels were associated with lower vitamin B12, lower red blood cells, higher mean corpuscular volume, higher mean corpuscular hemoglobin, higher lymphocyte counts, higher platelets, lower calcium, higher gamma-glutamyl transferase and higher homocysteine (Supplementary table 2) . Subnormal vitamin B12 levels were associated with lower folate, lower red blood cells, higher mean corpuscular volume, higher mean corpuscular hemoglobin, lower mean corpuscular hemoglobin concentration, higher lymphocytes, higher platelets and higher homocysteine (Supplementary table 3) . As expected from these data, intake of those AED associated with subnormal folate or vitamin B12 serum levels, generally was associated with higher homocysteine plasma levels. However, this effect depended on folate and vitamin B12 serum levels, which strongly negatively correlated with homocysteine plasma levels (the lower folate or vitamin B12, the higher homocysteine However, in most of these patients also AED treatment was changed at the presentation in our Department. Thus, such speculative clinical effects of vitamin substitution could not be monitored validly in the present study.
Interpretation
In human metabolism, folate is, inter alia, a cofactor for purine-and thymidine synthesis, and vitamin B12 is a cofactor in the synthesis of succinyl-CoA from methylmalonyl-CoA. Jointly, they act in the remethylation of homocysteine to methionine, a precursor of Sadenosylmethionine, an ubiquitous methyl group donor. Deficiency of folate or vitamin B12
can lead to reduced blood cell production, chromosomal instability and disturbed DNA methylation, reduced synthesis of catecholamines and myelin as well as hyperhomocysteinemia. Thus, subnormal folate or vitamin B12 serum levels are associated with anemia, cognitive deficits, vascular disease, osteoporosis, cancer, psychiatric disease, spontaneous abortion and congenital malformations. Individuals with subnormal folate or vitamin B12 serum levels should be substituted, and women who could become pregnant 12 should prophylactically supplement folate. 15 Homocysteine is a neurotoxic excitatory amino acid acting at the N-methyl-D-aspartate (NMDA) receptor. Thus, reduced mean folate and elevated homocysteine levels associated with AED treatment might promote seizures and neuronal damage contributing to the brain atrophy observed in 20-50% of patients with epilepsy. 16 In addition, elevated homocysteine levels may underlie the increased risk of atherosclerosis in epilepsy patients. 9 The present single-center study analyzed a large sample of 2730 unselected AED-treated patients with epilepsy (Supplementary table 1) . Epilepsy patients treated with AED had more often folate serum levels below the reference range than untreated epilepsy patients. Although not a proof of causality, this at least argues for AED treatment and against epilepsy as the reason for subnormal vitamin levels (Table 1) . Admittedly, as a potential source of bias, untreated patients will generally have less severe or more recently evolved disease than treated patients. Accordingly, Volpe et al. found that children with intractable epilepsy had significantly lower intakes of folate and vitamin B12 (among other nutrients) than healthy children. 20 Thus, it is possible that patients on polytherapy (more likely, intractable epilepsy) may differ from the controls in the present study (and the non-treated epilepsy patients as well) in terms of dietary vitamin intake. This could have confounded our results, although it may not explain the observed AED-specific effects on folate and vitamin B12 serum levels, and although most of the patients of our study were adults (Supplementary table 1) . A study with AED-treated patients due to other indications than epilepsy could help to clarify that topic. As possible confounder concerning gender, women had higher folte-levels than men arguing that more female than male patients supplemented folic acid or cared for a folate-rich nutrition, although regular folic acid supplementation more than two days a week was an exclusion criterion.
Treatment with carbamazepine, gabapentin, oxcarbazepine, phenytoin, primidone or valproate was associated with lower mean serum folate levels or was associated with a higher frequency 13 of folate levels below the reference range compared with the entire group of patients or with untreated patients and controls (Tables 2 and 3 ). This association was dose-dependent for carbamazepine, primidone and valproate, suggesting that a reduction of these AED may restore vitamin levels. Similarly, intake of phenobarbital, pregabalin, primidone or topiramate was associated with lower vitamin B12 serum levels, and the association of pregabalin and topiramate was dose-dependent (Tables 2 and 3 ). As the daily dose of of lamotrigine negatively correlated with mean vitamin B12 levels, a minor association of lamotrigine with vitamin B12 levels cannot be excluded, although the intake of lamotrigine was not per se associated with folate or vitamin B12 levels.
Some of the associations were only observed when the entire sample was analyzed. In the subgroup of patients with AED monotherapy, only the associations of carbamazepine, gabapentin, phenytoin and primidone with low folate serum levels and the association of valproate with higher vitamin B12 serum levels were significant. Therefore, these associations may be the most relevant ones. Monotherapies with phenobarbital and other AED that were rarely used in our population were not included in this analysis. Thus, additional associations of these AED with folate and vitamin B12 levels cannot be excluded, as suggested by the analysis of all patients including those with polytherapy. The lack of association of lamotrigine, oxcarbazepine, pregabalin, and topiramate monotherapy with vitamin B12 levels may be due to the smaller sample size in the monotherapy subgroup analysis in combination with rather small effect sizes as indicated by the standardized regression coefficient Beta and the ANOVA test value F (Tables 1-3) . Accordingly, these associations may be of minor relevance.
In summary, only the intake and daily doses of clobazam, clonazepam and levetiracetam were not at all associated with serum folate or vitamin B12 levels in our study population (Tables 2   and 3 ). This means that AED with different modes of action and interaction were associated with folate or vitamin B12 serum levels. Whereas the strong enzyme inductors carbamazepine 14 and phenytoin were associated with lower folate levels with a relatively high effect size, also the enzyme inhibitor valproate was associated with lower mean folate levels, albeit with a lower effect size (Table 2) . Also gabapentin, which is presumably neither a hepatic enzyme inhibitor nor inductor, was associated with lower mean folate serum levels. Thus, mechanisms underlying associations of AED with lower folate serum levels may not be restricted to hepatic enzyme induction interfering with the folate metabolism. They remain speculative and might include interferences with diet, absorption, plasma binding, cellular metabolism and renal excretion.
In our study, serum levels of folate or vitamin B12 were associated with several laboratory changes (Supplementary table 2) . We did not analyze associations of clinical parameters like seizure frequency in association with vitamin levels besides positive anecdotic reports, but the clinical relevance of low folate and vitamin B12 serum levels has been evidenced by numerous studies. Some of the typical AED side effects are possible symptoms of folate or vitamin B12 deficiency, such as fatigue, osteoporosis, atherosclerosis, polyneuropathy, neuropsychological impairment or teratogenesis, and hyperhomocysteinemia due to low folate or vitamin B12 serum levels may promote seizures. 1-7, 9, 17-18 Treatment with carbamazepine, oxcarbazepine, phenobarbital, phenytoin, primidone or topiramate additionally was associated with higher homocysteine plasma levels, treatment with pregabalin revealed borderline results. However, these associations were not independent, but were explained by the influence of AED on folate and vitamin B12 serum levels as major determinants of homocysteine plasma levels. Our observations are in line with a smaller study of Belcastro et al. 21 , who observed hyperhomocysteinemia in association with carbamazepine, oxcarbazepine, phenobarbital and topiramate, but not in association with lamotrigine and levetiracetam. The association of some AED with hyperhomocysteinemia argues that the association of the same AED with folate and vitamin B12 levels is clinically relevant. Interestingly, valproate, associated with lower folate but higher vitamin B12 levels, was associated with normal homocysteine levels.
Vitamin substitution yielded normal vitamin serum levels and decreased homocysteine plasma levels and MCV in individuals with subnormal folate or vitamin B12 serum levels within approximately three months of substitution (Supplementary table 4) . In Germany, where the present study was conducted, folate fortification of flour or food is not mandatory, although an increasing amount of food is voluntarily fortified. In countries with mandatory folate fortification of flour, like USA or Canada, the relevance of AED treatment for folate serum levels may be different from countries without fortification.
In conclusion, the present epidemiological data shows that treatment with any of the commonly used AED other than levetiracetam and benzodiazepines, but in particular with carbamazepine, gabapentin, phenytoin and primidone, is associated with lower mean serum levels of folate or vitamin B12 or, accordingly, with a higher frequency of folate or vitamin The frequencies of subnormal serum folate or vitamin B12 levels in AED-treated patients, untreated patients and healthy controls were compared by Pearson's Chi 2 analysis (Chi 2 ; p). SD = standard deviation. For SI units, folate (ng/ml) must be multiplied with 2.27 (=nmol/l), vitamin B12 (pg/ml) with 0.74 (=pmol/l). Only AED that were taken by at least 1% (n=29) of the patients were included. The overall significance for folate was F=12.35; p<0.001 and F=28.69; p<0.001 for vitamin B12. 1 The standardized coefficient Beta and p are given for linear regression analysis. All AED were analyzed simultaneously with age and gender as additional covariables. 2 Linear regression: The standardized coefficient Beta and p are given for AED dose with age and gender as covariables in addition to folate, when vitamin B12 was the independent variable and vice versa. 1 Since monotherapies with patient numbers <10 were not analyzed (n=34 patients), the sum of the patient numbers shown in the table is 924. 2 The mean serum folate or vitamin B12 levels of patients treated with AED monotherapy were compared with those of the patients who were not treated with AED or with controls, respectively, by ANOVA (F; p). "AED dose": Linear regression analysis (Beta; p) with AED doses, age, gender and the serum level of the vitamin other than the independent variable as covariables and folate or vitamin B12 serum levels as independent variable. 3 The frequency of subnormal folate or vitamin B12 serum levels in patients treated with the respective AED in monotherapy was compared with the frequency in untreated patients ("no AED") or controls by Pearson's Chi 2 test (Chi 2; p). The daily dose is defined as the total intake of the respective AED per day. "Female gender" shows the ratio of women.
Supplementary table 1: Patients and treatment
All patients
